Background
Cervical cancer is the fourth leading cause of cancer-related death and the second most common cancer among female malignancies worldwide [1] . There are an estimated 529 800 incident cases of cancer diagnosed and 275 100 cancer deaths annually [2] . Although the mortality of cervical cancer is decreasing in developed countries, the incidence is still high in developing countries. Approximately 80% of cases occur in less developed countries, where there are no effective screening systems [3] . The molecular mechanisms of cervical cancer still remain largely unclear in spite of extensive clinical and basic research efforts. Therefore, it is necessary to understand the molecular mechanisms involved in cervical cancer and to provide new knowledge regarding the diagnosis and treatment of cervical cancer.
MicroRNAs (miRNAs) are a group of small (21-24 nucleotides) non-coding RNAs that have been identified as oncogenes or tumor suppressors by regulating their target genes [4] [5] [6] [7] . They have the capacity to regulate gene expression at transcriptional, post-transcriptional, or post-translational levels. It has been well demonstrated that miRNAs play significant roles in cell proliferation, apoptosis, migration, and invasion [8, 9] . Hence, analysis of the entire miRNAome is becoming more important in cancer studies [10] . Screening for miRNAs that are differently profiled in both normal and cancer tissues might help to detect miRNAs involved in the pathogenesis of cancer. In addition to the role of miRNAs, DNA methyltransferases (DNMTs) also have been implicated in the development and progression of multiple forms of cancer, including cervical cancer [11, 12] . It has been considered as a critical regulator for epigenetic processes of chemotherapy [13] , and proved to be regulated by miR-148b in pancreatic cancer cell lines [14] and in non-small cell cancer cells [15] .
The functional role of miR-148b has been investigated in several types of cancers and acts as a tumor suppressor [16] [17] [18] . However, little information is available about the functional role of miR-148b in cervical cancer. In consideration of the relationship between miR-148b and DNMT1, we speculated that miR-148b might play an important role in cervical cancer. Our study might provide new insights into cervical cancer pathogenesis and strategies for cervical cancer treatment.
Material and Methods
Cell culture HPV-16-immortalized cervical epithelial cell line CRL-2614 cells and cervical cancer cell line HeLa cells were obtained from the American Type Culture Collection (ATTC, Manassas, VA).
CRL-2614 cells were cultured in RPMI medium 1640 (Gibco BRL Life Technologies, Gaithersburg, MD). HeLa cells were maintained in Dulbecco's Modified Eagle Medium (DMEM, Life Technologies, USA). Both of the media were supplemented with 10% fetal bovine serum (FBS, Life Technologies, US), L-glutamine (Gibco BRL), 100 IU/ml penicillin (Gibco BRL), and 100 mg/ml streptomycin (Gibco BRL) at 37°C in a 5% CO 2 humidified incubator.
Transfection
The miR-148b mimics and scrambled RNA were designed and synthesized by GenePharma, Inc (Shanghai, China) according to GenePharma's recommendations. Briefly, HeLa cells were seeded onto 24-well plates at a final concentration of 100 nM. Cells at 70% confluence were transfected with mimics and scrambled RNA using Lipofectamine ® RNAiMAX reagent (Invitrogen) according to the manufacturer's instructions. Forty-eight hours after transfection, luciferase activities were determined by means of the Dual Luciferase Reporter Assay (Promega), and the cells were harvested for further analysis.
Quantitative real-time RCR (qRT-PCR)
Total RNA was prepared from both CRL-2614 cells and Hela cells with the TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. First-strand complementary DNA (cDNA) was obtained using the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA). TaqMan ® miRNA Assays (Applied Biosystems) was used to quantify mature miR-148b expression according to the manufacturer's instructions using the StepOne Thermocycler (Applied Biosystems). The expression of miR-148b was normalized to U6 snRNA with the comparative 2 -DDCT methods.
Cell viability
The status of HeLa cell viability was monitored by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl -2-H-tetrazolium bromide (MTT) assay. Briefly, HeLa cells were adjusted to 1×10 5 cells/cm 2 with DMEM, seeded in 96-well plates, and then incubated for 12 h. After 48 h of transfection with miR-148b mimics or scrambled RNA, 20 μl of MTT solution (5 mg/ml) was added to each well and incubated for another 4 h at 37°C. Thereafter, the media were removed and replaced with dimethylsulfoxide (DMSO) to dissolve the reduced the formazan crystals. The plate was read in an enzyme-linked immunosorbent microplate reader (Bio-Rad 2550, Bio-Rad, Hercules, CA, USA) at 540 nm. Each experiment was performed in triplicate.
Colony formation assay
HeLa cells were plated in a 6-well plate and then transfected with miR-148b or scrambled RNA and incubated for 48 h. Subsequently, the cells were washed 3 times with phosphatebuffered saline (PBS) and cultured in DMEM supplemented with 10% FBS for 10 days. Finally, the colonies were fixed with methanol and stained with 0.1% crystal violet for 10 min.
Transwell invasion assay
Cell invasion assay was determined using transwell chambers (8-μm pore size) coated with diluted Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). At 48 h post-transfection with miRNA mimics or scrambled RNA, cells were incubated with serum-free medium overnight, and then 1×10 5 cells in 0.5 ml serum-free medium were added to the upper chamber. DMEM containing 10% FBS was added to the lower chambers as a chemotactic attractant. Cells were then incubated at 37°C in 5% CO 2 for 48 h. The media were removed, and non-migrating cells were also removed. Cells that migrated to the bottom of the membranes were fixed with 4% paraformaldehyde, following by staining with 0.5% crystal violet. Invaded cells in at least 4 randomly selected fields were counted under an inverted microscope (Nikon Ti-E). The data are expressed as the means ± standard deviation (SD).
Apoptosis assay
HeLa cells were seeded at 1×10 5 cells/well in 6-well plates. After 48 h of transfection, the cells were collected and cell death was detected by Annexin V-FITC staining using flow cytometry. Briefly, the cell pellets were washed and incubated with 1× binding buffer containing 10 μl Annexin V-FITC and 5 μl propidium iodide (PI) for 20 min in the dark at room temperature. Annexin V positive cells were recorded as early apoptotic cells, and cells with both Annexin V and PI positive were considered as late apoptotic cells.
Western blotting
After 48 h of transfection, HeLa cells were lysed in RIPA buffer (Thermal). The cell supernatants were collected and the protein concentrations were assessed using BCA protein assays kit (Novogen, Darmstadt, Germany) according to the manufacturer's instructions. The protein samples were then separated to 10-12% sodium dodecyl sulfate (SDS)-PAGE gels and electrotransferred onto polyvinylidene difluoride (PVDF) membranes (Sigma-Aldrich). Thereafter, the membranes were blocked in 5% nonfat dry milk for 2 h at room temperature and probed with the following primary antibodies overnight at 4°C: anticyclin D1 antibody (Sigma-Aldrich) and anti-caspase-3 antibody (Sigma-Aldrich). The membranes were then incubated with appropriate horseradish peroxidase-conjugated secondary antibodies with GAPDH as a lysate loading control. Enhanced chemiluminescence (ECL) reagent (GE Healthcare) was used to visualize the immunoreactive protein bands and the density of the bands were analyzed using the Image J software package (NIH, Bethesda, MD, USA).
Statistical analysis
All experiments were carried out at least 3 times. Statistical analysis was performed using GraphPad software (GraphPad, San Diego, CA, USA). Statistical significance was defined when P<0.05. Multiple comparisons were analyzed using the analysis of variance (ANOVA) assay.
Results

Expression of miR-148b in cervical cancer cells
First, we determined the expression of miR-148b in human cervical cancer cell line (HeLa) and HPV-16-immortalized cervical epithelial cells (CRL2614) using qRT-PCR. U6 snRNA was used as a loading control. The results showed that the average expression of miR-148b was significantly downregulated in HeLa cells when compared with CRL2614 cells (P<0.05) ( Figure 1A) . To illustrate the function of miR-148b in cervical cancer, HeLa cells were transiently transfected with miR-148 mimics or scrambled RNA (negative control). We confirmed the expression of miR-148b after 48 h of transfection by using qRT-PCR. The results indicated that the expression of miR148b was significantly upregulated by transfection with miR148b mimics compared with the HeLa cells transfected with or without scrambled RNA (P<0.05) ( Figure 1B) . The mRNA expression of DNMT1was also evaluated. We found that the expression of DNMT1 was significantly decreased by transfection with miR-148b mimics compared with the HeLa cells transfected with or without scrambled RNA (P<0.05) ( Figure 1C ).
Effect of miR-148b mimics on cell proliferation
At 48 h after transfection, the effect of forced expression of miR-148b on cell proliferation was determined by MTT assay and colony formation assay. As shown in Figure 2 , miR148b mimics significantly decreased the cell growth activity compared with scrambled RNA or the control group (P<0.05). Additionally, the number of colony formation in HeLa cells transfected with miR-148b mimics was significantly reduced compared with scrambled RNA or the control group (P<0.05) (Figure 3) . These results demonstrated that cervical cancer cell proliferation was significantly decreased by overexpression of miR-148b.
Effect of miR-148b mimics on invasion and apoptosis
We investigated the effect of forced miR-148b expression on invasion and apoptosis of cervical cancer cells by using the Transwell invasion assay and Annexin V-FITC staining, respectively. The Transwell invasion assay revealed that HeLa cells transfected with miR-148b mimics showed a substantially reduced invasive capacity compared with scrambled RNA or the control group (P<0.05) (Figure 4) . Additionally, we observed that apoptotic rates of HeLa cells transfected with miR-148b mimics were significantly increased compared with scrambled RNA or control group (P<0.05) ( Figure 5) . Thus, the results indicated that miR-148b overexpression decreased the invasion capacities but increased the apoptosis of cervical cancer cells.
Effect of miR-148b mimics on the expression of cyclin D1 and caspase-3
We also evaluated the underlying mechanism of cell proliferation and apoptosis. As shown in Figure 6A -6C, the results showed that the expression of cyclin D1 protein in HeLa cells transfected with miR-148b mimics was significantly decreased compared with that in the cells transfected with scrambled RNA (P<0.05). However, the expression of caspase-3 protein in HeLa cells transfected with miR-148b mimics was significantly increased (P<0.05). From these data, we concluded that overexpression of miR-148b inhibited cervical cancer cells proliferation, possibly by inducing G1/S-phase cell cycle. Overexpression of miR-148b induced apoptosis of cervical cancer cells, apparently in a caspase-3-dependent manner. 
Discussion
Accumulating evidence has shown that miRNAs play significant roles in many human malignant cancers, including cervical cancer [19, 20] . Several miRNAs, including miR-182 [21] , miR-1246 [22] , and miR-29a [23] , have been reported to be implicated in cervical cancer. In the present study, we showed that miR-148b was downregulated in cervical cancer, and overexpression of miR-148b significantly decreased the expression of DNMT1. Also, overexpression of miR-148b inhibited the cell viability, growth, and invasion of cervical cancer cells, as well as the induction of cell apoptosis. These effects might occur by regulating the expression of cyclin D1 protein and caspase-3 protein.
Epigenetic alterations have been reported to be associated with the development and progression of cancers. DNA methylation is the major type of epigenetic modification, which is catalyzed by maintenance DNMT1, and/or DNMT3A and DNMT3B [24] . Dysregulated expression of DNMT1 has been implicated in multiple forms of cancer [25, 26] , including cervical cancer [27] . However, the exact mechanisms underlying this link are not yet well defined. One of the possible mechanisms involves the alterations in the expression of regulatory miRNAs [28] . Several miRNAs, such as miR-21, miR-148a, miR-152, miR-148b, and miR-140, have been identified as important regulators of DNMTs translation by directly and indirectly targeting DNMT1 expression [14, 29, 30] . MiR-148b belongs to the miR-148/152 family, which is involved in various biological processes [31] . It has been well demonstrated that miR-148b is responsible for tumorigenesis, distant metastasis, or poor prognosis in cancer [14, 32, 33] , as well as suppression of proliferation and induction of apoptosis [16, 34] . However, its expression and potential functional role in cervical cancer are still poorly understood. Considering the relationships between DNMT1 and cervical cancer, and between DNMT1 and miR-148b, we focused on the expression of miR-148b and hypothesized the functional role of miR-148b in cervical cancer.
To confirm the hypothesis, we first evaluated the expression of miR-148b in cervical cancer cell line HeLa cells. The results showed a lower expression of miR-148b in HeLa cells compared to the normal cervical cells, indicating that miR-148b might be involved in cervical cancer. We further overexpressed the level of miR-148b, and then the expression of DNMT1 was evaluated. From these data, we confirmed that DNMT1 was also regulated by miR-148b in cervical cancer, which was in line with previous studies [14, 15] . Thereafter, the function role of miR-148b in cervical cancer was explored. The cell proliferation (cell viability and growth), invasion, and apoptosis were determined after transfection with miR-148b mimics. We observed that overexpression of miR-148b not only inhibited cell proliferation and invasion, but also induced apoptosis, indicating that miR-148b also serves as a potential tumor suppressor in cervical cancer. We then investigated the underlying mechanism of cell proliferation and apoptosis. The protein expression levels of cyclin D1 and caspase-3 were measured. Cyclin D1 is an important cell cycle regulator that is required for cell cycle progression in G1 [35] . Increasing evidence has demonstrated that aberrant expression of cyclin D1 is implicated in tumorigenesis and tumor progression in several human cancers, including cervical cancer [36] . Therefore, enhancement of efforts to inhibit cyclin D1 expression has received great attention as targeted therapeutics. Currently, many miRNAs have been reported to be associated with cancer by targeting cyclin D1. A previous study has suggested that miR-195 inhibits proliferation of cervical cancer cells by targeting cyclin D1a [37] . Similarly, in our study we also confirmed that miR148b protected against cervical cancer by regulating the expression of cyclin D1. Moreover, activation of caspases leads to cleavage of proteins that are critical for cell survival [38] . Caspases-3, one of the most significant executioners, has the ability to cleave many important cellular substrates and plays a critical role in the pathogenesis and treatment of a variety of malignancies [39] . In our study, we also observed that miR148b significantly decreased the expression of caspase-3, indicating that miR-148b acts as a tumor suppressor by inducing caspase-3-dependent apoptosis. However, further research should be performed in animal studies to confirm the efficacy of miR-148b in decreasing tumor cell proliferation and inducing apoptosis in vivo.
Conclusions
In conclusion, the present study suggests that miR-148b functions as a tumor suppressor of cervical cancer by inducing G1/ S-phase cell cycle arrest and apoptosis in a caspase-3-dependent manner. Overexpression of miR-148b may be a promising new therapeutic intervention for cervical cancer.
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